ABSTRACT Rapid thermal carbonization in a dilute acetylene (C 2 H 2 ) atmosphere has been used to chemically modify and precisely tune the pore size of ultrathin porous nanocrystalline silicon (pnc-Si). The magnitude of size reduction was controlled by varying the process temperature and time. Under certain conditions, the carbon coating displayed atomic ordering indicative of graphene layer formation conformal to the pore walls. Initial experiments show that carbonized membranes follow theoretical predictions for hydraulic permeability and retain the precise separation capabilities of untreated membranes.
P
orous nanocrystalline silicon (pnc-Si) membranes are a promising material for a broad range of applications including filtration, cell culture substrates, and as a platform for electron microscopy and spectroscopy. 1, 2 This material is over an order of magnitude thinner than the thinnest electrochemically etched porous silicon (PSi) membranes. 3 Because the thickness of the membrane is only 15 nm, on the order of species to be separated, mass transport through the membrane is greatly enhanced as compared to traditional tortuous path polymer membranes that are typically many micrometers in thickness. 4, 5 Using these ultrathin pnc-Si membranes, precise and low-loss separation of nanoparticles has been demonstrated in diffusion 1 and convection. 6 These membranes use a bottom-up approach, rather than the expensive top-down approach used to manufacture other nanomembranes. [7] [8] [9] Using standard microfabrication techniques, pnc-Si pore sizes can be tuned from being nonporous to having pores greater than 80 nm, however the resolution of control over pore size during manufacturing is limited to (5 nm. In order to optimize the quality of a separation procedure, finer control over pore sizes is desirable. Here we demonstrate that carbonization can be used as a postproduction means to tune pore sizes with subnanometer precision thus allowing for further optimization of the sieving properties of the membrane. Under certain conditions, atomic ordering is observed along the pore walls suggesting graphene formation during carbonization. Given the high fluxes of water and gas through carbon nanotube (CNT) membranes, carbonization of pnc-Si may lead to novel silicon-carbon hybrid devices with enhanced transport properties over traditional technologies. [10] [11] [12] Consistent with our prior work involving untreated pnc-Si membranes, 6 the hydraulic permeability of a carbonized membrane is shown to follow theoretical predictions. We also demonstrate the separation of gold nanoparticles before and after carbonization and find that carbonized membranes retain the precision separation characteristics of untreated membranes. 6 Furthermore, we show that carbonized pnc-Si membranes can be used to effectively filter proteins of different sizes. Thus, carbonization of pncSi provides an additional path for pore size control without negative impact on the performance of pnc-Si as a sizeselective filter. Finally, we find that carbonization can significantly improve chemical stability in highly alkaline solutions that rapidly etch silicon.
Previous techniques to control the size of nanoporous membranes involve coating pores with polymers 13 or metal.
14 While polymer coatings are relatively easy to deposit, they are unable to withstand high temperatures and harsh chemical environments. Metal coatings are more resilient, but processing can be complicated and take a long time to complete. 15 Pore modification via rapid thermal carbonization suffers from neither of these drawbacks. Carbonization of PSi has been reported to improve chemical stability 16 in extremely basic environments by displacing Si-H bonds with Si-C. Furthermore, a recent study has shown that thermally carbonized PSi is biocompatible and nontoxic. 17 Functionalization of the PSi surface has been verified by various methods such as differential scanning calorimetry (DSC) and Fourier transform infrared spectrometry (FTIR) 18 or photoluminescence measurements. 19 Although PSi and pnc-Si are different materials structurally, they both have Si-H terminations that can be replaced by Si-C during carbonization. Thus, we anticipated that pncSi would behave similarly during carbonization and inherit the improvements in stability observed with PSi. In this study, we relied on high-resolution transmission electron microscopy (HRTEM) and energy dispersive X-ray spectroscopy (EDX) for insight on how carbonization affects these ultrathin porous structures. Pore size distributions were obtained directly from the TEM micrographs using a custom pore recognition script written in MATLAB as previously described (available for download at nanomembranes.org/ resources/software, Supporting Information Figure S-1 ). 6 Carbonization of porous nanocrystalline silicon membranes was carried out in a Surface Science Integration Solaris 150 rapid thermal processor (El Mirage, AZ) inside a silicon carbide-coated graphite susceptor (Figure 1a) . The rapid thermal processor is capable of reaching temperatures of 1200°C in less than 10 s and allows for the introduction of process gases via two mass flow controllers ( Figure 1b) . In this work, acetylene (C 2 H 2 ) was chosen as the reactive hydrocarbon. This carbonization process was completed in less than 20 min as compared to the hours long procedures using chemical vapor deposition reported in previous studies. 16, 19 A 5 min argon flush was performed before and after every thermal cycle to ensure the quartz chamber remained free of contaminant gases such as oxygen. After treatment, the contact angle of a carbonized membrane was measured ( Figure 1c ). Consistent with prior work, carbonization decreased the contact angle slightly from 76 to 60°a fter treatment. 16 Several groups have studied acetylene absorption onto silicon substrates through modeling 20, 21 as well as experimentally. 22, 23 In these studies, it was determined that below 600°C, acetylene is chemisorbed at the surface. At 660°C, hydrogen disassociates and leaves the surface in the form of H 2 . At these elevated temperatures, carbon is free to diffuse into the subsurface and bond with silicon forming a Si 1-x C x compound. At temperatures beyond 750°C, graphitization occurs. Salonen et al. showed experimentally that carbonization was highly temperature dependent. 18 Below 600°C, FTIR measurements showed traces of C-H x bonding in porous silicon. Above 600°C, the spectra indicated a transition to a SiC bonding configuration.
In this work, we have determined that the degree of pore closure from carbonization in pnc-Si is also highly temperature dependent (Figure 2 ). Membranes were fabricated identically, as described in Striemer et al., 1 and each treated with acetylene at four different temperatures in the rapid thermal processor. To verify that the pore structure is only affected when acetylene is present, a control sample was annealed at 800°C for 5 min in argon only. 2 Electron microscopy and pore histogram analysis was performed on this membrane and we found that the mean diameter did not change by a thermal treatment in argon alone (Supporting Information Figure S-2) . The soak time for all carbonization trials was 5 min and the argon and acetylene flow was fixed at 9 and 1 slm, respectively. Below 600°C, we did not observe a significant deposition of carbon along the pore walls. However, between 600 and 700°C a noticeable carbon coating formed. At 750°C, the rate of carbon growth increase nearly 7-fold and the average pore size and porosity of the membrane decreased considerably. At 800°C, the majority of the pores were occluded.
To investigate the effect of soak time on carbonization of pnc-Si membranes, three identically fabricated membranes were exposed to acetylene for 5, 10, and 15 min. The process temperature was fixed at 750°C with an argon to acetylene flow of 9 to 1 slm. By varying the soak time, we have found that pore diameters can be reduced by 5 nm after 5 min, 10 nm after 10 min, and greater than 15 nm after 15 min (Figure 3) . The growth rate appears to be constant through 10 min except at the 15 min time point where it increases slightly (Figure 3f ). The approximate growth rate was calculated to be 3.1 Å/min by measuring the amount of carbon growth after 10 min. We hypothesize that after an initial seeding layer, carbon growth is eventually restricted by the mismatch strain due to the silicon and is governed by a new kinetic rate constant. 24 Carbon growth also appears to be independent of pore size (Supporting Information Figure S-3) , suggesting that there is no selflimiting behavior in the process.
Energy-dispersive X-ray spectroscopy (EDS) was performed on a carbonized pore and showed a high density of carbon coating the inner pore wall (Figure 4 inset) . A closer look at the carbon coating reveals atomic ordering of a few nanometers from the edge of the pore (Figure 4 ). The lattice spacing was measured to be 3.6 Å, consistent with the spacing between graphene layers. 25 We hypothesize that the first carbon layers that adhere to the silicon pore are stressed due to the lattice mismatch and thus grow as an amorphous Si 1-x C x film. At a critical thickness, the carbon atoms are able to arrange themselves at their characteristic bond length to form ordered layers of graphene. This supports the observation that the growth rate increases with longer carbonization times, possibly due to the transition from Si 1-x C x to graphene formation. We envision that pnc-Si may be used as a platform to create novel hybrid carbon-silicon nanostructures with superior stability, transport, and separation properties as compared to existing technologies.
As previously demonstrated, carbonization of electrochemically etched porous silicon has improved chemical stability in highly basic etchants such as KOH. 26 We have also observed an improvement in pnc-Si membrane stability to harsh alkaline environments after carbonization. Carbonized and untreated samples were soaked in 5% (w/v) KOH (Mallinckrodt Baker, Phillipsburg, NJ) at 40°C for one hour. After this time, the untreated membrane had completely dissolved while the carbonized membrane remained intact (Supporting Information S-4). From these results, we can conclude that carbonization not only coats the inner pore walls of the pnc-Si membrane, but also the planar membrane surface, providing a high quality protective layer for high pH environments experiments and applications. This also confirms that carbonization coats the surface continuously as we did not observe any areas of chemical attack in the carbonized films.
A hydraulic permeability study 6 was performed to determine whether carbonization would impact water transport through the membranes ( Figure 5 ). All samples were first ozone treated (Novascan PSD-UVT, Ames, IA) for 10 min at 120°C in order to create a more hydrophilic surface that allowed complete wetting of the pores (Supporting Information Figure S-5) . 6 We have found that without ozone treatment, hydraulic permeability is hindered due to incomplete wetting of the nanopores. Specially fabricated membranes were installed into a custom plastic enclosure (SiMPore, Inc., West Henrietta, NY) and water was pressurized through the membrane. Three untreated membranes of varying porosities were first tested and compared to the theoretical prediction using the Dagan equation 27 with pore distributions measured by TEM as outlined in Gaborski et al. 6 A carbonized membrane was then tested and demonstrated permeability consistent with standard theory. In the calculation of theoretical permeability, we accounted for the slight increase in membrane thickness after carbonization. Unlike CNT membranes, 10, 12 we found that carbonized pnc-Si does not show an enhancement in water flow. We believe that the inherently high permeability of the untreated membranes can only be marginally improved by the very smooth graphene walls from which CNT membranes derive their enhancement.
To demonstrate the separation capabilities of a carbonized pnc-Si membrane, carbonized and untreated membranes were tested for their ability to separate differently sized gold colloids (British BioCell International, Cardiff, U.K.) as previously shown for untreated membranes. 6 The same pressure cell used in the hydraulic permeability study was utilized for the nanoparticle separation. A 1:1 dilution of gold stock (0.01% w/v) to DI water was loaded into the pressure cell and the filtrate was collected for analysis using an absorbance plate reader (Tecan Group, Männedorf, Switzerland). As Table 1 demonstrates, a carbonized membrane has the ability to separate 6.6 nm from 7.9 nm gold nanoparticles while the untreated membrane passes both the 6.6 and 7.9 nm gold but retains 12.7 nm colloids. The sieving coefficients were experimentally calculated by taking the ratio between the filtrate and gold stock concentration. We were successful in reducing the effective membrane cutoff by coating the pore walls with 3 nm of carbon. The separation was not as sharp as the untreated membrane and may be due to the slight distribution in gold nanoparticle sizes and the nonoptimized pore size distribution of the carbonized membrane.
To further demonstrate the potential of carbonized pncSi membranes for molecular sieving, an experiment involving three differently sized proteins was performed using a setup similar to that in the gold nanoparticle experiments. Each protein was filtered independently using identical carbonized membranes so that a sieving coefficient could be calculated using the same method employed in the nanoparticle trials. Cytochrome c, bovine serum albumin, or -galactosidase at 1 mg/mL (w/v) concentration was placed inside the pressure cell and the solution on the filtrate side was recovered for analysis using the absorbance plate reader. Table 2 shows the protein sieving coefficient along with the molecular weight and hydrodynamic size of the proteins as determined by a dynamic light scattering system (Malvern ZetaSizer Nano ZS, Worcestershire, UK). 28 The results indicate that the smallest protein, cytochrome c, passed through relatively unhindered, while albumin transport was hindered, and -galactosidase was completely held back.
In this work, we have demonstrated a novel method for coating silicon nanopores with carbon. The thickness of the coating can be controlled with subnanometer precision by varying soak temperature and soak time. Pore diameters can be reduced by as little as 1 nm to greater than 25 nm for complete occlusion, thus allowing for more careful control over sieving characteristics. Hydraulic permeability studies have shown that carbonized membranes follow theoretical predictions for water transport and retain the nanoparticle separation capabilities of the untreated ultrathin membrane. Additionally, we have shown the potential use of carbonized pnc-Si membranes in molecular separations. These results demonstrate that carbonization is a simple and effective method for significantly improving the chemical stability of ultrathin silicon membranes, enabling precise tuning of nanopores, and it possibly having use in a wide range of sieving applications. 
